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Figure 1. Structures of picrodendrins.
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Naturally occurring, biologically active compounds
provide valuable tools for elucidating the molecular
basis of physiological events. In the present study, 28
picrotoxane terpenoids, including picrodendrins (Fig
1)*? isolated from the Euphorbiaceae plant, Picro-
dendron baccarum (L) Krug & Urban, have been
evaluated for their ability to inhibit specific binding
of [’H]1-(4-ethynylphenyl)-4-propyl-2,6,7-trioxabi-
cyclo[2.2.2.]octane (EBOB), the noncompetitive an-
tagonist of ionotropic GABA receptors, to rat-brain
and housefly-head membranes.? Picrodendrin Q was
the most potent competitive inhibitor, with ICsg
values of 16nM (rat) and 22nM (houseflies). The
spiro y-butyrolactone moiety, containing a carbonyl
group conjugated with an unsaturated bond at the
13-position and the hydrophobic substituents at the
4-position play important roles in the interaction of
picrodendrins with their binding site in rat GABA
receptors. In contrast, such structural features are not
strictly required in the case of the interaction with
housefly GABA receptors; the spiro y-butyrolactone,
bearing the 16-sp> carbon atom at the 13-position and
hydroxyl groups at various positions are somewhat
tolerated.

Quantitative structure—activity studies have clearly
shown that the electronegativity of the 16-carbon atom
and the presence or absence of the 4- and 8-hydroxyl
groups are important determinants of potency of nor-
diterpenes in housefly receptors, while the negative
charge on the 17-carbonyl oxygen atom is likely to be
important in the case of rat receptors. These findings
are consistent with those of our previous studies® that
there are significant differences in the structures of
their binding site between rat and housefly GABA
receptors.
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Abstract: Four toxin complexes, Tca, Tcb, Tcc and
Tcd from the culture broth of Photorhabdus lumi-
nescens have been purified and the four toxin
complex encoding loci, tca, tcb, tcc and tcd, cloned.
Genetic knockout of either tca or tcd reduced oral
toxicity to Manduca sexta, and knockout of both loci
eliminated activity. Purified Tca specifically
affected the insect midgut, despite its putative
normal delivery directly into the insect haemocel.
These Photorhabdus toxins may form useful alter-
natives to other orally active bacterial protein toxins
such as those from Bacillus thuringiensis.
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Figure 1. Life cycle of the Photorhabdus luminescens bacterium which
lives in a mutualistic association with entomophagous nematodes. (a)
Release of the bacteria from the gut of the invading nematode, (b) death of
the host and (c) nematode replication in the insect cadaver. At this stage
the bacteria cause the insect cadaver to emit light (the biological role of
which is uncertain). (d) Infective juvenile nematodes are then released from
the cadaver for re-infection of other insects.

the gut of entomopathogenic nematodes of the family
Heterorhabdititae.! Following invasion of an insect by
the nematode, P luminescens are released into the insect
haemocoel. The bacteria and nematodes then replicate
within the insect cadaver.” At this stage the bacteria
emit light causing the cadaver to glow. After several
rounds of reproduction in which the nematodes feed
off both the bacteria and the insect carcass, infective
juveniles emerge to colonise new hosts (Fig 1).

P luminescens can be readily cultured away from its
host and a few bacterial cells can kill a single insect.’
The work of others had suggested that insecticidal
activity was associated with a range of different
compounds including proteases, lipases and lipopoly-
saccharides.*”” However, previous purification work
had shown that insecticidal activity was associated
with the high-molecular-mass fraction of the culture
broth.® Following further purification and a final high-
performance liquid chromatography (HPLC) step,
four high-molecular-mass toxin complexes can be
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resolved from the orally toxic fraction, termed toxin
complexes A, B, C and D (or Tca, Tcb, Tcc and Tcd).
Individual toxin complexes migrate as single (or
double) components on native gels, but can each be
resolved into a number of different polypeptides by
SDS-PAGE.’

In order to characterise further the composition of
each of the toxin complexes we raised both a
polyclonal and a monoclonal antiserum against the
high-molecular-mass toxin fraction which contains all
four toxin complexes. We then screened a P lumines-
cens genomic library with both antisera. The antisera
recognised clones expressing components of four
different zoxin complex (tc) encoding loci, termed zca,
tcb, tcc and tcd. Comparison of N-terminal protein
sequences derived from purified polypeptides in the
native broth with the predicted amino acid sequences
of the zc loci confirmed that zca, tcb, tcc and tcd encode
the proteins Tca, Tcb, Tcc and Tcd respectively. The
sequences of these genes have been reported else-
where.® The predicted amino acid sequences of the
four zc loci have little, if any, similarity to other known
protein toxins. However, short stretches of both Tca
and Tcc share similarity with Salmonella plasmid
virulence factors B and A respectively (termed spvB
and spvA). These virulence factors are responsible for
the ability of certain Salmonella strains to replicate in
monocyte-derived macrophages, and suggest a
possible role for the P luminescens homologs in over-
coming insect haemocytes.

Despite our ability to reconstitute antigenicity, the
toxin complexes are not exported from E coli and the
pattern of apparent protease cleavage seen in the P
luminescens broth is also not reproduced. Therefore in
order to confirm the nature of these complexes as
orally active toxins we used two approaches. First, we
purified sufficient quantities of Tca to perform LDs
determinations on neonate Manduca sexta Joh exposed
to toxin added topically to artificial diet. Tca is orally
active in thengcm 2 range, which is equivalent to that
of some Bacillus thuringiensis Berliner 8-endotoxins.'®
Second, we knocked out each of the zc loci in the same

Figure 2. Histopathology of purified toxin complex A (Tca) on the midgut of Manduca sexta. (a) Normal cross-section of midgut showing: the intact midgut
epithelium (me), the gut lumen (I) and the food (f) within it. Note the extent of the surrounding haemocoel. (b) Cross-section of midgut after ingestion of
Tca-treated diet. Note the deposition of cellular debris (cd) formed from the blebbing of the midgut epithelium into the lumen. Note also the reduction in the

volume of the haemocoel as feeding ceases and the insect starts to dehydrate.
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strain of P luminescens (W14) and then tested the effect
of the mutant bacterial broths in our oral bioassay.
Deletion of either ica or zcd individually (as zca™ or ted
mutant strains) greatly reduced the oral toxicity of the
broth to M sexta, whereas deletion of both zca and zcd
together (in the zca™ /tcd” double mutant) eliminated
oral toxicity altogether. These results suggest that both
Tca and Tcd are involved in oral toxicity to
Lepidoptera. However, we have been unable to purify
sufficient quantities of Tcd to perform an LDsq
determination.

In order to examine the effects of Tca on the
lepidopteran gut and compare it to that previously
documented for both the B thuringiensis d-endotoxins
and vegetative insecticidal proteins (Vips), and for
cholesterol oxidase,''™° we sectioned M sexta neo-
nates at intervals after oral ingestion of toxin. After
several hours, toxin-treated midguts showed an
accelerated rate of epithelial blebbing (Fig 2). This
blebbing of the midgut epithelium into the lumen
continues until the basement membrane is exposed
and the epithelium is essentially destroyed. Both the
columnar cells and the goblet cells appear to be
attacked. Interestingly, a similar histopathology can be
observed following injection of Tca directly into the
insect haemocoel, which is presumably the normal
route of delivery of the toxin by the bacterium.'®

In conclusion, we have purified four toxin com-
plexes from the culture broth of P luminescens and
cloned the four toxin complex-encoding loci. Genetic
knockout of either zca or zcd reduces oral toxicity to M
sexta and knockout of both loci eliminates activity.
Purified Tca shows effects specifically on the insect
midgut, despite its putative normal delivery directly
into the insect haemocoel. These Phororhabdus toxins
(Phts) may form useful alternatives to other orally
active bacterial protein toxins such as those from B
thuringiensis (Bt).

ACKNOWLEDGEMENTS

We thank all at Dow Agrosciences Biotechnology for
their encouragement and support of this project. The
work was supported by Hatch funds, The Applied
Research and Technology Fund and The Industrial
and Economic Development Fund, all administered
by the University of Wisconsin-Madison and by
DowAgrosciences.

REFERENCES
1 Poinar GO, Thomas GM and Hess R, Characteristics of the
specific bacterium associated with Heterorhabditis bacteriophora
(Heterorhabditidae: Rhabditida). Nematol 23:97-102 (1977).
2 Dunphy GB and Webster JM, Virulence mechanisms of
Heterorhabditis heliothidis and its bacterial associate, Xeno-
rhabdus luminescens, in the non-immune larvae of the greater
wax moth, Galleria mellonella. Int § Parasitol 18:729-737
(1988).
3 Gotz P, Borman A and Borman HG, Interactions between

668

insects immunity and an insect-pathogenic nematode with
symbiotic bacteria. Proc R Soc Lond 211B:330-350 (1981).

4 Schmidt TM, Bleakley B and Nealson KH, Characterization of
an extracellular protease from the insect pathogen Xenorhabdus
Iuminescens. Appl Environ Microbiol 54:2793-2797 (1988).

5 Dunphy GB and Webster JM, Lipopolysaccharides of Xeno-
rhabdus nematophilus (Enterobacteriaceae) and their haemocyte
toxicity in non-immune Galleria mellonella (Insecta: Lepidop-
tera) larvae. ¥ Gen Microbiol 134:1017-1028 (1988).

6 Yamanaka S, Hagiwara A, Nishimura Y, Tanabe H and Ishibashi
N, Biochemical and physiological characteristics of Xeno-
rhabdus species, symbiotically associated with entomopatho-
genic nematodes including Steinernema kushidai and their
pathogenicity against Spodoptera Litura (Lepidoptera: Noctui-
dae). Arch Microbiol 158:387-393 (1992).

7 Clarke DJ and Dowds BCA, Virulence mechanisms of Photo-
rhabdus sp strain K122 toward wax moth larvae, ¥ Invert Pathol
66:149-155 (1995).

8 Bowen DJ and Ensign JC, Purification and characterization of a
high molecular weight insecticidal protein complex produced
by the entomopathogenic bacterium Photorhabdus luminescens.
Appl Environ Microbiol (1998) in press.

9 Bowen D, Rocheleau TA, Blackburn M, Andreev O, Golubeva
E, Bhartia R and ffrench-Constant RH, Insecticidal toxins
from the bacterium Photorhabdus Iluminescens. Science
(Washington) 280:2129-2132 (1998).

10 Hofte H and Whitely HR, Insecticidal crystal protein of Bacillus
thuringiensis. Microbiol Rev 53:242-255 (1989).

11 Sutter GR and Raun ES, Histopathology of European-Corn-
Borer larvae treated with Bacillus thuringiensis. J Invertebr Path
9:90-103 (1967).

12 Kinsinger RA and McGaughey WH, Histopathological effects of
Bacillus thuringiensis on larvae of the Indianmeal Moth and the
Almond Moth. Ann Entomol Soc Am 72:787-790 (1979).

13 Endo Y and Nishiitsutsuji-Uwo ], Mode of action of Bacillus
thuringiensis d-endotoxin: histopathological changes in the
silkworm midgut. ¥ Invertebr Path 36:90-103 (1980).

14 Yu CG, Mullins MA, Warren GW, Koziel MG and Estruch JJ,
The Bacillus thuringiensis vegetative insecticidal protein Vip3A
lyses midgut epithelium cells of susceptible insects. Appl
Enwviron Microbiol 63:532-536 (1997).

15 Purcell JP, Greenplate JT, Jennings MG, Ryerse JS, Pershing JC,
Sims SR, Prinsen M], Corbin DR, Tran M, Sammons RD and
Stonard RJ, Cholesterol oxidase: a potent insecticidal protein
active against boll weevil larvae. Biochem Biophys Res Comm
196:1406-1413 (1993).

16 Blackburn M, Golubeva E, Bowen D] and ffrench-Constant RH,
A novel insecticidal toxin from Photorhabdus Iluminescens:
histopathological effects of toxin complex A (Tca) on the
midgut of Manduca sexta. Appl Envir Entomol (1998) in press.

Synthesis of a biotin-like phosphonate model
compound for ( +)-hydantocidin

Werner Foéry and Hans Tobler*
Novartis Crop Protection AG, Business Unit Herbicides,
R-1047.110, CH-4002 Basel, Switzerland

Abstract: Approaches to the synthesis of a biotin-
like phosphonate are described. It was hoped that
this would be a simpler model compound for the

* Correspondence to: Hans Tobler, Novartis Crop Protection AG,
Business Unit Herbicides, R-1047.110, CH-4002 Basel,
Switzerland

E-mail: hans.tobler@cp.novartis.com

(Received 1 July 1998, revised version 20 August 1998, accepted
16 February 1999)

Pestic Sci 55:633-675 (1999)



